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Abstract The focus of this article is to describe the evolution of the spreading diam-
eter and secondary droplets generated by splashing. High-speed visualization was
used to study the time evolution of water droplets impacts with dry surfaces at We-
ber numbers between 3,500 and 10,000. Different prediction models of the maximal
spreading diameter have been compared with each other and with the experimental
data. A similarity between the spreading rates was observed in the last stage of the
impact at high Weber numbers. The time evolution of the secondary droplets and the
formation of the crown was observed and analyzed at the different Weber numbers.
1 Introduction
When a droplet impacts with solid surfaces at high velocities, a part of the droplet’s
mass sticks on the surface, forming a thin film. The other part of the mass atomizes
into small secondary droplets. This phenomenon is called splashing. It is an impor-
tant fundamental process for a wide range of technical applications, such as coating,
vehicle soiling, or aircraft icing [1]. For all these applications, it is crucial to de-
scribe both the mass of the droplet that sticks and the total mass of the secondary
droplets. During the initial impact phase, the thin film formed by the mass that has
stuck spreads radially over the surface. This amount of spreading is described by
the rim diameter, commonly called the spreading diameter [9]. Consequently, this
film generates an ejecta sheet that develops into secondary droplets [11]. The film
can also separate itself from the surface, creating a crown. This crown atomizes into
more secondary droplets during the spreading process due to capillary instabilities
[11]. A review of the recent theoretical, numerical, and experimental investigations
of droplets impacting with a solid surface can be found in [5].
Many parameters affect the splashing on dry solid surfaces. However, the inertial
forces dominate the behavior of water droplets that impact with a dry surface at
high velocity. The impact dynamics are characterized using the Weber and Reynolds
numbers [5]. The Weber number is the ratio between the inertial and capillary
forces, and the Reynolds number represents the ratio between inertial and viscous
forces. The characteristic numbers are defined as
We=
ru2impdd
s
and Re=
uimpdd
n
; (1)
David A. Burzynski  Stephan E. Bansmer
Technische Universita¨t Braunschweig, Institute of Fluid Mechanics, Hermann-Blenk-Str. 37,
38108 Braunschweig, e-mail: d.burzynski@tu-bs.de
https://doi.org/10.24355/dbbs.084-201907261219-0
David A. Burzynski and Stephan E. Bansmer
where r is the liquid density, dd is the droplet diameter, uimp is the impact velocity,
s is the liquid surface tension, and n is the kinematic viscosity of the liquid.
A host of investigations have been carried out over the last decades, although
until now they have only studied the splashing at relatively low Weber numbers
We < 2;500. This is relevant for many applications, but for vehicle soiling or air-
craft icing, where the impact velocities and the droplet diameters are high, the re-
lated Weber number is higher than 3,000 [4], [12]. One of the few experimental
investigations for We  22;000 was performed by Mehdizadeh et al. [6], in which
the fingering phenomenon was observed. Later, Mehdizadeh et al. [7] observed that
the maximum spreading diameter increased with the temperature. More recently,
another experimental investigation was performed by Fassmann et al. [3]. In this
study, the secondary droplets were analyzed using a shadowgraph and statistical
techniques forWe= 3;500,We= 5;000, andWe= 10;000. However, the investiga-
tions were performed using only double-frame images, and a complete time evolu-
tion of splashing as well as the spreading diameter at those Weber numbers has not
been performed yet.
The dimensionless spreading diameter b = dr=dd describes the radial expansion
of the thin fluid film generated by the amount of droplet mass stuck on the surface.
Different models have been proposed to predict b as a function of the parameters
presented in Eq. 1. A detailed description of the time evolution was introduced by
Rioboo et al. [8], showing that the spreading is classified in four different phases
(kinematic, spreading, relaxation, and wetting phase). Typically, the time is made di-
mensionless using the impact velocity and the droplet diameter to obtain similarity.
The dimensionless time is defined as t = tuimp=dd .
In addition to this splashing classification, Sheller et al. [10] suggested a model
for bmax proportional to the Reynolds and Weber numbers for a wide range of liq-
uids. Their model predicts the spreading diameter for experiments at low Weber
number. A model based only on the Weber numbers was introduced later by Clanet
et al. [2]. They studied spreading on super-hydrophobic surfaces. This simple model
was developed using mass conservation arguments. Another interesting model has
been recently introduced by Roisman [9]. He developed a semi-empirical expres-
sion using the thickness of the viscous boundary layer. Similar to Sheller et al. [10],
this model predicts the maximal spreading diameter directly from the Weber and
Reynolds numbers, although from a theoretical point of view instead of only using
empirical data. Table 1 summarizes these three models.
Table 1: Models of the maximal spreading diameter bmax in terms of We and Re
Model Spreading diameter
Scheller bmax  0:61Re1=5(WeRe 2=5)1=6
Clanet bmax We1=4
Roisman bmax  0:87Re1=5 0:4Re2=5We 1=2
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Although different studies have been carried out in this area, there is no informa-
tion about the time evolution of splashing and the spreading diameter at high Weber
numbers. The goal of the present work is to close this gap of information, analyz-
ing the splashing in detail for three different regimes: We = 3;500, We = 5;000,
and We = 10;000. The Weber numbers were chosen according to Faßmann et al.
[3]. The outcome of this work would help to develop new theoretical models and
validate numerical simulations. Thus, the maximal spreading diameter and the sec-
ondary droplets were studied to contribute to the understanding of splashing at high
Weber numbers. The development of the maximal spreading diameter bmax was
determined experimentally as shown in 3(c). The results were compared with the
different models from Table 1. Additionally, the time evolution of the crown and
secondary droplets was observed from two different camera positions. These obser-
vations allow a qualitative comparison of the amount of generated droplets.
2 Experimental Methods
High Weber numbers were obtained by increasing the impact velocity using a fly-
wheel, see Figure 1. The substrate was mounted on the motor-driven flywheel, and
the droplets were generated at y= 0:8 m from the substrate position. Since this posi-
tion was not changed, the angular velocity of the flywheel was increased for higher
Weber number.
droplet generator
flywheel
substrate
w
y
x
lateral view
q
light source
syringe pump
y
z
frontal view
motor
camera pos. 1
camera pos. 2
Fig. 1: Experimental set-up: The motor-driven flywheel rotates at constant angular velocity w .
A droplet is formed and falls due to gravity until it impacts with the substrate mounted on the
flywheel. The splashing is recorded with one high-speed camera at two different positions (q = 40
and q = 0). The light source is positioned in order to reflect the light off the secondary droplets
and rim.
In this setup, the flywheel rotated at the desired angular velocity w , while a
droplet was formed by gravity in the droplet generator. Then, the droplet was re-
leased and it fell under the influence of gravity; after some milliseconds the droplet
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impacted with the substrate. Additionally, the droplets were protected by an acrylic
glass shielding tube from the turbulent air flow created by the flywheel. Using this
method, it was possible to reproduce the impact of distilled water droplets on a glass
substrate (Ra = 11 nm and Rz = 608 nm) at ambient conditions (T = 17:20:4C
and p= 1001:40:8 hPa) several times.
The droplet generator consists of a syringe pump, a needle, a polyurethane hose,
and a cage with a solenoid. The syringe pump KDS200 from KD Scientific was used
to regulate the volume rate. The syringe was connected to the needle under the cage
through the polyurethane hose. After a specific amount of water was pumped into
the needle, the droplet was formed and hung until the cage was hit by the solenoid.
Subsequently, the droplet separated from the needle and fell under the influence of
gravity.
A Standford DG535 delay generator was used to synchronize the droplet genera-
tor and cameras to the flywheel. This was done in four steps. First, the trigger signal
was generated by a light barrier mounted on the flywheel and sent to the delay gen-
erator. Second, a signal was sent from the delay generator to the solenoid to release
the droplet. Third, another signal was sent some milliseconds later to the camera to
record the events. Finally, the last signal was sent to the syringe pump to form a new
droplet.
Fig. 2 Shadowgraph set-
up: a droplet is formed and
released by the generator.
The droplet is released and
falls under the influence
of gravity. Just before it
impacts with the substrate,
the diameter and velocity
are measured by means of
shadowgraphy using a CCD-
camera and Nd:YAG laser.
Images show the double-
frame pictures obtained and
how the velocity is basically
calculated ud = Dy=D t.
light source
syringe pump
y
z
frontal view
CCD camera
t t+D t
Dy
The shadowgraph technique was used first to determine the diameter, the posi-
tion, and the velocity of the falling droplets as shown in Figure 2. The angular veloc-
ity of the flywheel was adjusted on the basis of this information in order to achieve
the desired Weber number. With the objective to obtain well-detailed information
about the droplet before the impact, a double-frame CCD camera with a resolution
of 4,008 x 2,672 pixel was used together with a Nd:YAG laser with diffuser optics
from LaVision GmbH. Thereafter, the raw images were processed using the soft-
ware DaVis ParticleMaster, also from LaVision. As a result of these measurements,
the substrate velocity was set to us = 6:3820:014 m/s, us = 8:2590:007 m/s, and
https://doi.org/10.24355/dbbs.084-201907261219-0
High Speed Visualization of Droplets Impacting with a Dry Surface at High Weber...
us = 13:018 0:004 m/s to achieve the Weber numbers We = 3;500, We = 5;000,
and We= 10;000, respectively.
2.5mm
(a) t <0
2.5mm
(b) t >0
2.5mm
dr(t)
(c) t 0
Fig. 3: Determination of the spreading diameter b : Perspective view from position 1 of a droplet
impacting at We=5,000. Images were recorded using the high-speed camera at 32,000fps. (a) the
droplet before the impact, (b) the formation of the secondary droplets and jets, and (c) the estima-
tion of the rim diameter dr .
Finally, the main observations were made using an HPV-2 high-speed camera
from Shimadzu from two different positions as shown in Figure 1. The field of view
was illuminated by a conventional halogen lamp. The camera at position 1 (q = 40)
was used to observe the spreading diameter, the rate, and the evolution of the rim
and fingerings. The spreading diameter dr was then estimated as shown in Figure 3.
The secondary droplets and the formed thin crown were observed using the camera
at position 2 (q = 0). The recording rate of the camera was varied from 32,000 to
63,000fps for different Weber numbers. All cameras were calibrated using a target
plate ParticleMaster from LaVision. Moreover, the perspective error was reduced
using predefined and measured marks on the substrate.
3 Results
Figure 4 shows the spreading diameter b as a function of the dimensionless time
t for low and high Weber numbers. The results obtained by Rioboo et al. [8] at
low Weber numbers are plotted together with the results of this study. This figure
shows that not only the maximal spreading diameter bmax increases along with an
increasing Weber number, but also the time to reach this value. While at lower Weber
numbers bmax is found at t  1, at high Weber numbers the bmax is found after
t > 4. This behavior agrees with all the models presented in Sec. 1, which predict
an increase in the maximal spreading diameter along with the increase of Weber
numbers.
A detailed analysis of the data obtained at high Weber numbers, as shown in
Figure 5, shows that the rate of the spreading diameter increase is almost the same
for all cases (We > 3;500). This behavior has a logarithmic character until t  2.
This similarity is independent of the Weber number and was not expected because
it did not appear in the experiments performed by Rioboo et al. [8]. This shows
that the behavior for low Weber number cannot be easily related to higher values.
However, at the final stage (t  5), the spreading diameter differs for each Weber
number until it reaches bmax. These observations agree with the theoretical models,
where multiple analysis yielded that bmax We.
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Fig. 4 Spreading diameter
b of a mono-disperse water
droplet impacting with a dry
glass surface as a function
of the dimensionless time t
for different Weber numbers.
Experimental results obtained
at We = 3;500, We = 5;000,
and We = 10;000 compared
with the experiments of Rio-
boo et al. [8] for low Weber
numbers.
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Fig. 5 Spreading diameter
b of a mono-disperse water
droplet impacting with a dry
glass surface as a function of
the dimensionless time t for
different Weber numbers. The
spreading diameter develops
similarly to the logarithmic
fitting function and indepen-
dently of the Weber number
for 0:5 < t < 3.
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Figure 6 shows the spreading rate b˙ = ¶b=¶t over the dimensionless time t .
The measurements show that, starting from t  0:5, the spreading rate is similar
for all Weber numbers. This rate is approximated by a rational function (Eq. 2). It
is possible to calculate the deceleration b¨ = ¶ b˙=¶t of the spreading diameter. The
deceleration in Figure 7 obtained using forward difference quotients demonstrates
the same character that the measurements obtained at We= 5;000. Note that decel-
eration is caused by the surface tension and viscous dissipation. This information
would contribute to future theoretical analysis, where the radial spreading force is
taken into account.
¶b
¶t
 2:16
(0:18+0:96t)1:27
(2)
As discussed in Section 1, a host of models have been introduced over the last
decades to describe the maximal spreading diameter as a function of different di-
mensionless parameters. The maximal spreading diameter predicted by these mod-
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Fig. 6 Spreading rate b˙
of a mono-disperse water
droplet impacting with a dry
glass surface as a function
of the dimensionless time
t for different high Weber
numbers. The independence
of the spreading rate on the
Weber numbers is described
by a rational function (Eq. 2).
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Fig. 7 Spreading acceleration
b¨ of a mono-disperse water
droplet impacting with a dry
glass surface as a function
of the dimensionless time
t for We=5,000. The curve
represents the time derivative
of Eq. 2.
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els is illustrated in Figure 8 for high Weber numbers. Some discrepancies between
the models presented by Sheller and Clanet and the measurements are observed. The
biggest difference is observed at We = 10;000, where Sheller and Clanet models
overestimate the measurements by 67% and 40% respectively. However, the model
presented by Roisman predicts the maximal spreading diameter accurately. Accord-
ing to these results, the correct way to characterize bmax at high Weber number is to
consider the viscous boundary layers during the impact, as shown in [9]. Moreover,
this experimental validation opens the way for new theoretical studies that could pre-
dict the number of secondary droplets generated on the basis of viscous boundary
layers. Detailed numerical simulations would also contribute to the understanding
of the splashing phenomenon at high Weber numbers.
A sequence of events during splashing are showed in Figure 9 for We = 3;500
andWe= 10;000. Three important events can be observed from this sequence. First,
the amount of secondary droplets produced at We = 3;500 (see Figure 9(g)) is ap-
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Fig. 8 Comparison of the
maximal spreading diameter
with models. The predicted
maximal spreading diame-
ter from Table 1 is plotted
together with the mean and
standard deviation (error bars)
of all observations for each
configuration, i.e., We=3,500;
We=5,000, and We=10,000.
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parently smaller than the amount produced at We = 10;000 (see Figure 9(g)). It
seems that the higher the kinetic energy of the droplets, the greater the generated
free surface, i.e. secondary droplets. Second, the secondary droplet generation is
finished later at We= 10;000 than at We= 3;500. This can be clearly observed by
comparing Figure 9(l) with Figure 9(x). Third, a crown is formed by the film only
at We= 3;500 (Figures 9(d)-(f)), while at We= 10;000 it is not; instead, only sec-
ondary droplets are generated during the same period of time (Figures 9(p)-(r)). This
observation was not expected, and more experiments are required to find out why no
crown is formed at higher Weber numbers. Additionally, this outcome differs from
the observations made by Faßmann, who reported that the number of secondary
droplets should be smaller when the Weber number is increased.
The surrounding air played a significant role during the experiments. On the one
hand, the rotation of the paddle generated a turbulent flow, which affected the tra-
jectory of droplets. On the other hand, the pressure on the paddle increased with the
angular velocity, showing that the droplets may reduce the velocity just before the
impact. This was clearly observed when the Weber number was higher than 20,000.
One possible explanation of the absence of crown formation at higher Weber num-
ber is that the high pressure on the surface suppresses it. Note that the presence
of pressure correlates with the real situation when, for example, an airplane flies
through a cloud and collides with water droplets. The droplets would impact first
the aircraft nose, which has higher static pressure.
4 Conclusions
High-speed visualization was used to observe the impact of distilled water droplets
with a glass surface atWe= 3;500,We= 5;000, andWe= 10;000. The images were
recorded at 32,000 and 63,000fps from two different perspectives, which for the first
time allowed to observe the evolution of splashing from the spreading diameter to
the formation of secondary droplets at high Weber numbers.
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(a) We=3,500, t=0 (m) We=10,000, t=0 (g) We=3,500, t=1.69 (s) We=10000, t=1.66
(b) We=3,500, t=0.23 (n)We=10,000, t=0.19 (h) We=3,500, t=1.81 (t) We=10,000, t=1.86
(c) We=3,500, t=0.45 (o)We=10,000, t=0.39 (i) We=3,500, t=2.04 (u)We=10,000, t=2.05
(d) We=3,500, t=0.68 (p)We=10,000, t=0.59 (j) We=3,500, t=2.27 (v)We=10,000, t=2.25
(e) We=3,500, t=0.79 (q)We=10,000, t=0.78 (k) We=3,500, t=2.38 (w)We=10,000, t=2.44
(f) We=3,500, t=1.25 (r) We=10,000, t=1.27 (l) We=3,500, t=2.83 (x)We=10,000, t=2.83
Fig. 9: Time evolution of water droplets impacting with a glass plate at We = 3;500 (left) and
We = 10;000 (right) over the dimensionless time t . View from camera position 2, recorded at
32,000fps with We= 3;500 and 63,000fps with We= 10;000.
The experiments at high Weber numbers showed an unexpected similar behav-
ior between the spreading diameters until the value of t  2 was reached. It had
a logarithmic character and was independent of the Weber or Reynolds numbers.
The spreading rate b˙ was described by a rational function, which only depends on
time (see Eq. 2). Three different models of the maximal spreading diameter were
analyzed and compared with the experiments. The tendency of some models was
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to overestimate the maximal spreading diameter by more than 40%. However, the
model presented by Roisman [9] accurately predicted bmax for high Weber numbers.
This demonstrates that a theory involving the viscous boundary layers is more ap-
propriate for the description of b . The observations also showed that the higher the
Weber number, the greater the mass of secondary droplets. No crown was observed
at We = 5;000 and We = 10;000; instead, only secondary droplets were ejected at
the early stage of splashing. This prompt splash was not expected using a smooth
glass surface, and, contrary to the spreading rate, it seems to depend on the Weber
and Reynolds numbers.
This work has contributed to the validation of the most common models of the
spreading diameter. Additionally, it has provided information about the time devel-
opment of the mass that has stuck on the surface and the secondary droplets during
splashing. Further experimental and numerical studies are planned in the near future
in order to establish the relationship between the mass of the stuck droplet and the
secondary droplets at high Weber number. The forces during splashing would need
to be investigated in the future using the new data obtained at even higher Weber
numbers.
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